At sundown when light levels fall, rod photoreceptors take the night shift from the daylight-sensitive cones and a specialized mammalian microcircuit 'wires' the rods into the ancestral cone pathway. A recent study combines serial electron microscopy and simultaneous patch clamp recordings to shed light on this microcircuit in unprecedented detail.
Evolving Specialized Neural Circuits
Two hundred million years ago our small mammalian ancestors lived in lush tropical forests dominated by the dinosaurs. To survive, they evolved nocturnal living styles, akin to some present-day rodents, and specialized (early warning) sensory systems. For example, their ears developed long spiraling cochleae with extra turns, which allowed hearing at higher sound frequencies. This permitted the rapid detection of the location of high frequency sound sources, like fastmoving predators crunching leaves on the ground as they foraged. Moreover, their eyes developed versatile retinas with microcircuits specialized for both day and night vision. Cone photoreceptors detect different colors and rapid changes in daylight luminance, whereas rod photoreceptors are slower and monochromatic, but ultrasensitive to very dim light at nighttime.
Under dim light conditions, individual rods have the ability to detect a single photon. This information is relayed from rods to rod bipolar cells (RBCs) via ribbon-type synapses. The dendrites of a single RBC receive input from 15-20 rods in the central retina and up to 80 rods in the peripheral retina. This convergence improves sensitivity but also adds synaptic noise, which is removed by integrating and thresholding small signals [1, 2] . The signals of several RBCs then converge onto a single AII amacrine cell again via a ribbon-type synapse ( Figure 1 ) but these synaptic ribbons are much smaller than those in photoreceptor terminals.
The mammalian retina has evolved a circuitous solution to switching between daytime and nighttime vision. Cone photoreceptors, which are thought to predate rods in evolution [3] , drive about 12 different cone bipolar cells (CBCs), which transmit different visual 'channels' in parallel to over 30 subtypes of retinal ganglion cells (RGCs), the output neurons of the retina [4, 5] . CBCs can be subdivided into two main classes, 'ON' and 'OFF', according to their responses to light (ON; depolarizing) or the absence of light (OFF; hyperpolarizing). Rods, in contrast, synapse with only one bipolar cell type (the RBC), which makes no direct synaptic connections to the RGCs. How then does rod information get relayed to RGCs?
The AII Amacrine Cell: A Central Hub in the Mammalian Retina The AII amacrine cell is nature's night vision hub, serving as the relay for rod input to both the ON and OFF CBC circuitry but also making direct connections with RGCs [6] (Figure 1 ). The innermost dendritic stratification of the AII (closest to the RGC layer) receives excitatory glutamatergic input from RBCs via ribbon synapses, presumably to mediate high and varied rates of glutamatergic release similar to the rod and cone ribbon synapses. This excitatory conductance generated in the postsynaptic AII is transferred immediately to ON CBCs via gap junctional electrical synapses. The OFF CBCs, conversely, are inhibited by glycinergic release from AII lobular appendages. Two types of rod interneurons (RBC and AII) can therefore drive (or inhibit) most of the ON and OFF CBCs. In the mouse retina, CBCs are small and challenging to record from in retina slices. However, a new study by Graydon et al. [7] reported in a recent issue of Current Biology uses transgenic mice with fluorescent CBCs to better visualize the cells. Surprisingly, this study shows that one particular OFF bipolar cell type (the CBC2) receives the predominant AII inhibitory synaptic input.
Selective Connectivity within the OFF Pathway
By carefully analyzing serial block face electron microscopy (SBEM) material, the authors performed a tour-de-force reconstruction of 12 AII microcircuits. They focused first on the OFF pathway which comprises glycinergic inhibitory output from AIIs to OFF CBCs and glutamatergic excitatory input from OFF CBCs back to AIIs (Figure 1 , inset II). These reciprocal connections are well known anatomically, but their strengths were poorly understood, as is the strength of output from the AII to different CBCs. Two important findings arise from the present study. Firstly, 90% of AII inhibitory output is to OFF CBCs, and the remaining 10% of inhibitory output is to OFF RGCs, presumably the OFF alpha-type RGCs. Secondly, AIIs make 60% of their inhibitory output to one type of OFF CBC, the CBC2. This suggests CBC2 works as a CBC in daylight and, in addition, is the predominant rod pathway CBC under dim illumination. This also suggests there is likely to be one or more types of OFF RGCs, with selective connectivity to CBC2, or AII, that may be the night-vision channel to the brain. Future connectivity studies between CBC2 and also ON CBCs and ON RGCs may shed light on these questions. But what about the other OFF CBCs, and what is their functional role given their lower connectivity? Do OFF CBCs that receive only 5% of synaptic contacts receive only 5% of the inhibition or are there synaptic compensatory mechanisms that amplify the signal transfer from AIIs to CBCs other than CBC2? And how do these relative connectivity strengths, measured anatomically, influence the filtering of The mammalian rod photoreceptor circuit is primarily a pathway where the AII amacrine cell (AII; pink) acts as a switchboard, transferring the scotopic (starlight) information from rods to the cone bipolar cell (CBC) circuitry. This 'switchboard circuit' also provides signal amplification and noise reduction by the convergence of multiple rods to rod bipolar cells (RBCs) and then to AII cells. This convergent input allows retinal ganglion cells (RGCs) to detect images under very low and noisy lighting conditions, such as a moonless night. While the cone circuitry maintains separate channels for ON and OFF responses, the AII feeds ON responses from RBCs to both the OFF (I, II, III) and ON (IV,V,VI) layers of the inner plexiform layer by receiving glutamatergic input from RBCs (IV) and transferring this signal via gap junctions to ON CBCs (V). The glutamatergic synapses from RBC and CBC to AII cells and RGCs have ribbon-type active zones that release onto two distinct cell dendrites (a dyad synapse). The RBC to AII depolarization results in the AII releasing glycine onto OFF CBCs (II) and OFF RGCs (III). Under photopic (daylight) conditions the ON CBC passes information back through the same gap junctions (V) leading to glycine release, and inhibition in the OFF layer (this is called crossover inhibition). Furthermore, depolarization of the OFF CBCs leads to the release of transmitter from OFF CBCs back onto AII cells (II). Graydon et al. [7] detail this circuit in the OFF layer (I-III) using electron microscopy and then use paired patch clamp recordings between RBC-AII (IV), AII-CBC (II,V), and RBC-CBCs (IV,II and V) to study the synaptic signal transfer. For brevity, this diagram excludes outer plexiform layer circuitry, which includes gap junctions between rods and cones and horizontal cell circuitry. It also excludes other amacrine cell circuitry in the inner plexiform layer. The main focus is thus the major classes of bipolar cells: the ON-type CBC, OFF-type CBC and RBC. Current Biology 28, R1096-R1119, September 24, 2018 R1115
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Dispatches signals between rods and CBCs, measured physiologically?
Asymmetric Signal Transfer in the AII Pathway To address these questions, Graydon and colleagues [7] made multiple challenging paired whole-cell patch recordings from various combinations of connected neurons in the AII pathway. Surprisingly, despite the predominance of CBC2 ribbon synapses onto AIIs measured from SBEM, depolarizing CBC2s evoked little response in the AII cells. However, depolarizing the AII resulted in robust inhibitory input to the CBC2. In fact, the AII amacrine cell produces both transient (phasic) and graded (tonic) neurotransmitter (glycine) release, although they do not have synaptic ribbons, but instead conventional active zones [8] . Indeed, Graydon et al. [7] show that the active zones span a large area and a single AII cell forms about 65 glycinergic synapses from its multiple lobular appendages (Figure 1 ). How do we reconcile the asymmetric synaptic strength between CBC2 and AII cells, given the anatomical evidence for synapses? Future experiments are required to address this question. What remains clear, however, is that the CBC2 receives a large number of strong inhibitory inputs from the AII cells and, therefore, shutting down this CBC channel in response to scoptopic (starlight) illumination is put at a premium.
Differential Encoding of Temporal Contrast and Luminance
The glutamatergic release from RBCs to AII amacrine cells contains two components (transient and sustained) that each represent the release of different vesicle pools and each serve different functional roles. The transient (phasic component) presumably arises from docked vesicles tethered to the ribbon and transmits information about the temporal contrast in the visual scene [9] . The sustained component, however, encodes the mean light levels. Graydon and colleagues [7] illustrate that both of these components are transferred differentially in the rod-to-CBC2 circuit: paired recordings indicate transient and sustained components are transferred between RBC-to-AII and AII-to-CBC2.
Paired recordings between RBC and CBC2 cells, which have AII cells acting intermediary, lose the sustained component, raising the possibility that only temporal contrast and transient signals are the salient information passed from the rods to the OFF pathway. Mean light-levels therefore may be encoded through other bipolar cells, perhaps in the ON CBC pathway. Further experiments examining the transfer of signals to RGCs in the ON pathway may shed light on these open questions. Increasing the resolution of SBEM to better identify electrical gap junctional synapses will help resolve whether there are preferential connections with a particular ON CBC type. In summary, the results of Graydon et al. [7] suggest the night-vision microcircuit predominantly wires into the OFF-type CBC2 and information transferred through this pathway mostly codes for changes in contrast, whereas ON-type CBCs encode both contrast and illumination levels.
Switching From Dark Nights to Bright Day Lights
One of the most impressive functions of the mammalian visual system is the ability to encode vision across several orders of magnitude of luminance levels, and while the AII circuit conveys rod information to the cone pathway, it also works in reverse. At photopic light intensities, ON-type CBC signals are relayed to AIIs through gap junctions and feedback to the OFF CBCs, sharpening contrast detection. Between the photopic intensities (which saturate rods, but see [10] ) and scotopic intensities that fail to activate cones, meisopic light levels activate both rods and cones in unison. Under these higher luminance conditions, are there changes in the relative transfer between AIIs and CBCs?
It remains possible the CBC2 synapses onto the AII cell might be regulated by some wider synaptic input not engaged under these experimental conditions. It will be interesting to extend these findings to RGCs to see if the single photon responses preferentially favor specific ON pathway RGCs. A clue may come from another recent study which indicates RGCs may receive differential ON and OFF input depending on the background luminance [11] These circuit level 'switches' may encode as of yet unknown features of the visual scene when axonal output from multiple types of RGCs are sampled by higher order neurons in the thalamus, colliculus, and visual cortex [12] .
